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Abstract
OSBP-homologous proteins (ORPs, Oshp) are lipid binding/transfer proteins. Several ORP/Oshp localize to membrane
contacts between the endoplasmic reticulum (ER) and the plasma membrane, where they mediate lipid transfer or regulate
lipid-modifying enzymes. A common way in which they target contacts is by binding to the ER proteins, VAP/Scs2p, while
the second membrane is targeted by other interactions with lipids or proteins.

We have studied the cross-talk of secretory SNARE proteins and their regulators with ORP/Oshp and VAPA/Scs2p at ER-
plasma membrane contact sites in yeast and murine primary neurons. We show that Oshp-Scs2p interactions depend on intact
secretory SNARE proteins, especially Sec9p. SNAP-25/Sec9p directly interact with ORP/Osh proteins and their disruption
destabilized the ORP/Osh proteins, associated with dysfunction of VAPA/Scs2p. Deleting OSHI-3 in yeast or knocking
down ORP?2 in primary neurons reduced the oligomerization of VAPA/Scs2p and affected their multiple interactions with
SNARE:S. These observations reveal a novel cross-talk between the machineries of ER-plasma membrane contact sites and
those driving exocytosis.
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Abbreviations

BiFC Bimolecular fluorescence complementation
ER Endoplasmic reticulum

FFAT Two phenylalanines in an acidic tract

KD Knock-down

KO Knock-out
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MCS Membrane contact site

ORP OSBP-related protein

OSBP Oxysterol-binding protein

Osh OSBP homolog (in yeast)

PM Plasma membrane

SNARE Soluble n-ethylmaleimide sensitive factor
attachment protein receptor

VAMP  Vesicle-associated membrane protein

VAP VAMP-associated protein

wt Wild type

Introduction

Mammalian Oxysterol-binding proteins/OSBP-related pro-
teins (ORPs) and yeast OSBP-homolog (Osh) proteins are
cytosolic proteins characterized by a ligand-binding domain
(ORD) with the ability to bind and/or transfer several oxys-
terols, cholesterol/ergosterol, phosphatidylinositol-4-phos-
phate [PI(4)P] or other phosphoinositides and phosphati-
dylserine [1-15]. Eight of the mammalian ORPs and three
of the yeast Osh proteins contain a two phenylalanines in an
acidic tract (FFAT) motif that mediates the interaction with
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the type II ER transmembrane protein, VAP (Scs2p in yeast),
and thereby enables ER targeting [16, 17]. In addition, many
of the ORP and Osh proteins have an N-terminal pleckstrin
homology (PH) domain that binds to phosphoinositides and
targets distinct non-ER organelle membranes [18-21]. This
dual membrane targeting makes ORP/Osh proteins likely
candidates to function at membrane contact sites (MCSs)
between the ER and non-ER organelles [13, 22-26]. Tar-
geting of ‘short” OSBP homologues, like ORP2 and yeast
Osh4p, lacking a PH domain to MCSs is less well under-
stood, but is suggested to be mediated by patches of charged
amino acids on the surface of the ORD [13].

SNARE proteins constitute the minimal machinery for
membrane fusion [27-29]. They are characterized by the
SNARE motif, an a-helical region containing heptad repeats
with a key residue that is either an arginine (R) or a glu-
tamine (Q). Four SNARE motifs (3Q and 1R), typically
present in one vesicle SNARE and two target compartment
SNARE:S assemble in trans to form a dense four-helix bun-
dle, the SNARE complex, which brings the membranes to
such close proximity that fusion can occur (Fig. 1a), [30,
31]. In vivo SNARESs induce exocytosis together with the
exocyst complex, Rab family small GTPases and the Secl/
Muncl8 (SM) proteins [32-37]. The zipping up of the
SNARE complex, required for membrane fusion, has been
proposed to be mediated by the SM proteins [34, 38]. A
report by Petkovic et al. [39] proposed that the plasma mem-
brane (PM) Q-SNARE Syntaxin1/Ssolp additionally acts
with the ER R-SNARE protein Sec22p at ER-PM contacts,
possibly in concert with ORP/Osh proteins, to execute a
novel tethering function that does not involve fusion of the
bilayers (Fig. 1b).

Yeast Saccharomyces cerevisiae has an extensive cortical
ER that makes close contacts with the PM. The cortical ER
presumably forms a barrier for exocytosis and endocytosis.
Although endocytosis is spatially separated from cortical ER
[40], sites of endo- and exocytosis are juxtaposed to the cor-
tical ER [41, 42]. Therefore, membrane traffic and ER-PM
contact sites may be coordinately regulated. In addition to
suggested lipid transfer functions, Osh proteins have been
linked to polarized growth in yeast due to their genetic and
physical interactions with small GTPases and exocyst subu-
nits [43, 44]. Osh4p, a ‘short’ Osh localizing to secretory
vesicles, has been shown to reduce PI(4)P levels on the vesi-
cles, suggesting that at least one Oshp influences exocytosis
by altering the vesicle lipid composition [44, 45]. However,
the role of the other Osh proteins in polarized growth has
remained enigmatic, and the mechanisms coordinating exo-
cytosis with ER—PM contacts, at which several Osh proteins
are located, are thus far unknown [13].

In the present study we investigated the impact of pro-
teins involved in exocytosis on the interaction of FFAT
motif-containing Osh1-3p with Scs2p. We identified the
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Q-SNARE Sec9p as a novel Oshp interaction partner, and
showed that this interaction is conserved in mammalian cells
between ORP2 and SNAP-25, the Sec9p orthologue. Fur-
thermore, we show that the mammalian ORP2 and yeast
Osh1-3p mediate the oligomerization of VAPA/Scs2p and
affect their multiple SNARE interactions. Our data suggest
that the interplay of ORP/Osh proteins with SNAP-25/Sec9p
and VAPA/Scs2p coordinates ER-PM contact sites.

Materials and methods
Yeast strains

The Saccharomyces cerevisiae yeast strains used are shown
in Supplementary Table S1. When not otherwise stated,
yeast cells were grown as described previously [46]. Y39
was generated by deletion of endogenous PEP4 in the sec9-4
mutant strain (Y6) using a hygromycin selection PCR cas-
sette (1573).

Plasmids

Plasmids used are listed in Supplementary Table S2. Yeast
plasmids were generated as followed: A construct for expres-
sion of GFP-tagged SCS2 (1577) was generated by PCR
amplification of SCS2 with added Smal and Sall sited fol-
lowed by ligation into 1574. Yeast BiFC constructs were
generated as followed. For constructing 1365, 1366, 1367
and 1368, OSH4, OSH5, OSH6 and OSH7, respectively,
were PCR amplified with added Xmal and Xhol sites and
cloned into 1356. 1572 was generated by PCR amplifying
sec9-4 from genomic DNA (Y6) with added BamHI and
Xhol sites followed by ligation into 1358. To generate 1515
and 1516, SEC22 was PCR amplified adding BamHI and
Xhol sites and cloning into 1356 and 1358, respectively.
SCS2 was PCR amplified with added BamHI and Sall
sites and cloned into 1356, generating 1517. Additionally,
YC-SCS2 and YC-SEC22 were cut out from 1360 and 1516,
respectively, with Spel and Xhol and cloned into 1565, gen-
erating 1566 and 1575. For overexpression studies with
OSH3, OSH3 was cut out from 1564 with Spel and Xhol
and cloned into 1565, generating 1567. To add HA tags to
the YFP(N) BiFC constructs, a double HA was PCR ampli-
fied with added BamHI/Smal sites followed by ligation into
the empty N-YN425ADH vector (1356), generating 1468.
Subsequently, OSHI, OSH2 and OSH3 were cloned into this
vector after releasing them from 1362, 1363 and 1364 with
Xmal and Xhol, generating 1513, 1476 and 1477. A Flag
tag was added to YC-SCS2 (1360) by PCR amplification of
a triple Flag tag with added BamHI and EcoRI sites, fol-
lowed by ligation into 1360, generating 1478. For bacterial
production of His-Osh3p, it was PCR amplified with added



ORP/Osh mediate cross-talk between ER-plasma membrane contact site components and plasma... 1691

secretory
vesicle

Sbb2/Snc1/2p
‘< SNAP-25/Sec9p
S ™ Stx1A/Ss01/2p
plasma membrane
c YN+<Osh1p-YC+Scs2p

Asso1 ASs02  $S02-1Asso1

D YN+Osh2p-YC+Scs2p

Asso1 ASS02

$802-1Asso1

YN+Osh3p-YC+Scs2p

Asso1 ASS02

$s02-1Asso1

Fig.1 Yeast mutant strains for exocytic SNARE complex com-
ponents show reduced Oshp-Scs2p BiFC interaction. a Schematic
model of the exocytic mammalian/yeast SNARE complex consisting
of the PM SNAREs SNAP-25/Sec9p (light blue) and SyntaxinlA/
Ssol/2p (blue), and the vesicular SNARE Synaptobrevin2/Snc1/2p
(red). b Schematic model of the mammalian/yeast ER-plasma mem-
brane contact sites consisting of the PM SNARE Syntaxin1A/Ssol/2p
(blue), the ER SNARE Sec22p (green) as well as the VAPA/Scs2p
and ORP/Osh proteins (dark blue and purple). The FFAT motif in
Osh/ORP proteins, mediating the interaction with VAPA/Scs2p, is
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highlighted in pink. Osh/ORP proteins target the plasma membrane
due to their PH domain’s affinity for phosphoinositides (orange). c—e
Live cell imaging of indicated vegetatively grown haploid yeast cells
(wt, Y1; Assol, Y8, Asso2, Y9; sso2-1 Assol, YT, sec9-4, Y6; Ascnl,
Y12) expressing YFP(N)-Oshlp (1362, C), YFP(N)-Osh2p (1363,
D) or YFP(N)-Osh3p (1364, E) in combination with YFP(C)-Scs2p
(1360). BiFC interactions were monitored by fluorescence micros-
copy in a minimum of 27 cells grown at 24 °C. The data represent
mean +SEM, ***p <0.001. Scale bar, 5 um
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Spel and Xhol sites and cloned into 1509. For production
of GST-Sec9p(421-651), SEC9(421-651) was cut out from
1530 with EcoRI/Xhol and cloned into 977.

Plasmids for experiments in mammalian cell lines
were constructed as follows: For generation of mCherry
tagged ORP constructs, hORP1L, hORP2 and hORP4L
were released from 1226, 1227 and 1229 with Bglll/Kpnl,
and ligated into 1140, generating 1269, 1271 and 1276.
For mCherry-OSBP (1274) creation, hOSBP was cut out
from 1245 with BamHI/Hindlll and cloned into 1140.
mCherry-ORP3 (1275) was constructed by releasing
hORP3 from 1228 with HindlIl/Kpnl and ligation into
1140. mCherry-ORP9 (1277) generation was achieved by
cutting out hORP9 from 1234 with Sacl/Smal and cloning
into 1140. For hVAPA BiFC assays, hVAPA was cut out
from 1223 with Bglll/Kpnl and ligated into 1196, generat-
ing 1560.

Virus constructs and production

The lentiviral plasmid pFUGW [47] served as standard
backbone in all used lentiviral shuttle vectors. The following
modifications were made: first, to obtain neuron restricted
expression, the human ubiquitin promoter in pPFUGW was
replaced by the human synapsin-1 promoter and second, to
observe viral infection efficiency, the expression cassettes
was constructed as polycistronic construct by included a
nuclear localized fluorescence reporter (GFP or RFP) cou-
pled via a self-cleaving P2A site [48] to the gene of interest.

For neuronal expression of human ORP1L and ORP2
the corresponding cDNAs (NCBI accession number
NMO080597.4 and NM144498.3, respectively) were cloned
into the modified pFUGW to form BL1209 f(syn)NLS.
GFP-P2A-hORP1L-w and BL1210 f(syn)NLS.GFP-P2A-
hORP2-w. To reduce lentivirally the endogenous expres-
sion level of mammalian ORP2, a transcription cassette
was inserted upstream of a human synapsin 1 promoter
controlled NLS.RFP reporter that contains the human Poly-
merase III U6 promoter which drive the transcription of a
shRNA hairpin against the OPR2 sequence 5'-GCAGCT
ATGGATAGAGCAG-3' using the 5'-TACTCGAGTA-3'
linker sequence (BL1332 f(U6)shRNA-ORP2-(Syn)NLS.
RFP-w). A scrambled shRNA against rat clatrin heavy chain,
served as negative control (BL360 f(U6)shRNA-scrCHC-
(Syn)NLS.RFP-w, Kononecko et al. 2014). To visualize oli-
gomerization of VAPA by BiFC the human VAPA transcript
(NM194434.3) was N-terminally tagged by Venus(N) and
Venus(C) parts via a 3xGGGS linker and cloned into the
lentiviral vector forming BL.1310 f(syn)NLS.RFP-P2A-VN.
hVAP.A-w and BL1356 f(syn)NLS.RFP-P2A-VC.hVAP.A-
w, respectively. For the SNAP-25 expression in SNAP-25
KO cells, the SNAP-25 cDNA (GenBank: M22012.1) was
cloned into the modified pPFUGW to generate BL-940 (f(syn)
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NLS-RFP-P2A-mSNAP25w). Cre mediated deletion of
Syntaxinl A/B was accomplished with the published vector
BL-150 f(syn)iCreRFP-P2A-w [49]. The non-cre express-
ing, empty vector served as control (BL-181) f(syn)NLS-
RFP-P2A). To visualize exogenous FLAG-tagged VAPA by
western blotting using the VAPA antibody (Fig. 6), VAPA
was N-terminally tagged by a 64 aa peptide of the VN BiFC
(aal05-173) leading to a size shift of 10 kDa than compared
to endogenous VAPA. All final constructs were verified by
both restriction digest and sequencing.

All lentiviral particles were provided by the Viral Core
Facility of the Charité -Universititsmedizin Berlin (vcf.
charite.de) and were prepared as described previously Lois
et al. [47]. Briefly, HEK293T (RRID: CVCL_0063) were
co-transfected with the shuttle vector (10 mg) and helper
plasmids, pPCMVdR8.9 and pVSV.G (5 mg each) with poly-
ethylenimine.cells. Virus containing cell culture supernatant
was collected after 72 h and filtered for purification. Aliquots
were flash-frozen in liquid nitrogen and stored at — 80 °C.
Neurons were infected with lentivirus at DIV 3 or DIV 7.

Culture of mammalian HEK293 cells and primary
hippocampal neurons

HEK?293 cells were cultured in DMEM (Dulbecco’s Modi-
fied Eagle Medium; Sigma-Aldrich) supplemented with 10%
fetal bovine serum (FBS), 100 U/ml penicillin, and 100 pg/
ml streptomycin.

All procedures concerning mice use and maintenance
were approved by the Animal Welfare Committee of Charité
Medical University and the Berlin State Government. For
all experiments, primary hippocampal neurons from PO-P2
newborn mice were cultured on 1-3-week-old astrocyte
feeding layers (derived from PO-P2 mice cortices and plated
on collagen/poly-D-lysine microislands on agarose-coated
coverslips for autaptic cultures or on collagen/poly-D-lysine
coated wells for continental cultures). In case of the SNAP-
25 KO mice hippocampal neurons were prepared form E18
mice. For continental cultures, glia proliferation was arrested
by the addition of antimitotic agent 8 uM 5-fluoro-2-deoxy-
uridine and 20 uM uridine (FUDR) to the astrocyte media.
Neurons were plated at a density of 3000 neurons per 35 mm
well for autaptic cultures and 100,000 neurons per 35 mm
well for continental cultures and grown in Neurobasal-A
media containing B-27 supplement and Glutamax (Invitro-
gen, Germany). In all experiments, neurons were incubated
at 37 °C for 7 or 14 days prior further analysis.

Fluorescence microscopy of yeast cells
Yeast cells were grown to ODg,, 0.8—1 at the permis-

sive temperature (24 °C) in SC-ura-leu or SC-ura-leu-his
medium. Cells were observed using a Zeiss Axio Observer
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Z1 microscope with an ECPInN 53x/1.4 Oil objective and
Colibri laser. Images were recorded with the Axio Vision
Rel. 4.8.1 software (Carl Zeiss Imaging Solutions GmbH).
The exposure time for the BiFC of YFP was 2-5 s for Oshp-
Sec9p interaction and 1-2 s for Oshp-Scs2p, Scs2p-Scs2p,
Scs2p-Sec9p, Scs2p-Sec22p, Scs2p-Ssolp, Sec22p-Ssolp,
Msolp-Seclp interaction. Image panels were prepared using
Adobe Photoshop7 software. Quantification of the signal
intensities were performed with the original images obtained
with the same microscope and the same exposure time. For
each condition the signals in at least 20 cells were quanti-
fied by measuring the mean gray value of random points on
the plasma membrane or same size boxes compromising the
whole cell using ImagelJ 1.42. The background fluorescence
of 10 random points in each condition was subtracted from
the obtained measurements.

Fluorescence microscopy of HEK293 cells

HEK293 cells were grown to about 70% confluence and
transfected with the BiFC plasmids and the co-transfection
marker using Lipofectamine™ 2000 (Invitrogen). After
24-h incubation, cells were fixed with 4% paraformaldehyde
in phosphate buffered saline, and visualized with a Zeiss
Axio Observer Z1 microscope with an ECPInN 40x/0.75
DICII objective and Colibri laser and recorded with the
Axio Vision Rel. 4.8.1 software. The exposure time for the
BiFC of Venus was 1-2 s and of the co-transfection mark-
ers mCherry or mCherry-ORP 0.5-1 s. Image panels were
prepared using Adobe Photoshop7 software.

Immunofluorescence staining of neurons
and HEK293 cells

After cell fixation at DIV 14 (4% paraformaldehyde in PBS,
7 min), cells were permeabilized (0.1% Triton X-100/PBS,
3% 15 min, PBST) and unspecific binding was blocked (5%
normal goat serum (NGS) /PBST, 1 h). Primary antibody
incubation was performed in 5% NGS/PBST overnight
at 4 °C. After washing with PBST (3 X5 min), secondary
antibody incubation was performed with Alexa Fluor-con-
jugated antibodies in PBST, 1 h at room temperature. The
cells were washed 2 X 10 min with PBST and 1 X 10 min PBS
and mounted in Mowiol (SIGMA-ALDRICH). Cells were
visualized with a Olympus IX81 epifluorescent microscope,
MicroMax:1300YHS camera (Princeton Instruments) and
MetaMorph software (Molecular Devices). The exposure
time for the BiFC of Venus was 0.5-1 s. Image panels were
analyzed with the Fiji Software and prepared using Adobe
Photoshop software.

Immunoprecipitation of HA:Osh1p and HA-Osh3p

Immunoprecipitations were performed essentially as
described previously [50]. An isogenic strain lacking the
tagged protein served as negative control. For Western blot
analysis proteins were transferred onto nitrocellulose mem-
branes and bound antibodies were visualized with the ECL
detection system (Pierce). For quantifications immunopre-
cipitations were performed for at least three times, analyzed
using Bio-Rad Quantity One software and normalized for
the amount of immunoprecipitated HA-Osh3p.

Immunoprecipitation of FLAG-VAPA

At DIV 7 or 14, cells were washed and resuspended in
200 pl ml lysis buffer per well (50 mM Tris HCI pH 7.9,
150 mM NaCl, 1% NP-40, Protease inhibitor cocktail,
Roche Diagnostics). Cell breakage was achieved by shear-
ing in lysis buffer, 30 min incubation at 4 °C, and followed
by 10 min centrifugation at 13,000 rpm in a microcentrifuge
to remove unbroken cells. The obtained lysates were incu-
bated with 15 pl anti-FLAG® M2 magnetic beads (SIGMA-
ALDRICH) for 20 min at room temperature. The beads were
then washed three times with lysis buffer, resuspended in
30 ul 1 X LSB and boiled for 5 min. For Western blot analy-
sis, proteins were transferred onto nitrocellulose membranes.
Bound antibodies were visualized with the ECL detection
system (Thermo Scientific).

Hsp150p secretion

Yeast strains were grown at 24 °C to Ag, 0.3-0.5. Cells
were collected, washed, adjusted to A4, 0.3 in fresh medium
and divided to 24 °C, 34 °C or 37 °C. Samples were removed
after 1 h and 2 h incubation and NaN; was immediately
added to a final concentration of 10 mM to the samples
cooled on ice. Cells were pelleted at 4 °C and 30 pl of the
supernatants were analyzed by western blotting with anti-
Hsp150p antibodies.

Protein production

GST-SNAP-25, GST:-Sec9p(421-651) and
GST-VAPA(ATM) were expressed in E.coli and purified
on Gluthatione-Agarose 4B (Macherey-Nagel). The resin-
bound proteins were stored in PBS at 4 °C as a 50% slurry.
GST was produced and purified in the same way. His-tagged
Osh3p, pFOLD-ORP2 (J. Peridnen, University of Helsinki,
Finland) and VAPA(ATM) were purified on Ni-NTA aga-
rose (Invitrogen). All His-tagged proteins were concentrated
in Amicon Ultra (Millipore) in PBS.
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In vitro binding assays

For in vitro pull-down experiments between ORP2 and
SNAP-25, 1 pM GST-SNAP-25 or GST were combined with
equimolar amounts of pFOLD-ORP2 and 20 pl of Glutha-
tion-Agarose. The mixtures were incubated at room tem-
perature in a total volume of 100 pl PBS for 1 h with gentle
mixing. After the incubation, the resin was washed three
times with 1 ml PBS. The bound proteins were released into
60 pl of 1 XLSB by heating for 5 min at 95 °C and subjected
to SDS-PAGE and Coomassie Blue staining.

In in vitro pull-down experiments between Osh1/3p
and Sec9p(412-651), 2 pM GST-Sec9p(421-651) or GST
immobilized on Glutathione-Agarose was used. Equal molar
amounts of His-Osh3p were added to the proteins in a total
of 100 ul PBS +0.1% TritonX-100. After 1 h of incubation
with gentle mixing, the resin was washed three times with
1 ml PBS and the bound proteins were released by heating
for 5 min at 95 °C into 60 pl of 1 X LSB and subjected to
SDS-PAGE and Coomassie Blue staining.

In vitro VAPA oligomerization assays

For in vitro VAPA oligomerization experiments, 1 pM
GST-VAPA(ATM) immobilized on Glutathione-Agarose
was incubated with the same amount of His-VAPA(ATM)
(0.4 uM) and increasing amount of His-ORP2 (0, 0.2 uM)
for 1 h in a total of 200 ul PBS and 0.05% Triton X-100.
After the incubation, the resin was washed (3 x 1 ml PBS)
and the released proteins (40 pl of 1 X LSB, 5 min at 95 °C)
were subjected to SDS-PAGE and Coomassie Blue staining.

Antibodies

The HA-tag antibodies were purchased from Pierce, the
FLAG-tag antibodies from SIGMA-ALDRICH and the
anti-GFP antibodies from Thermo Scientific/Molecular
Probes. The anti-SNAP-25, Stx1A, Stx1B, MAP2 and
vGlutl antibodies were purchased from Synaptic Systems,
the B-Tubulin antibodies from SIGMA-ALDRICH and the
VAPA antibodies from abcam. Antibodies against ORP1L
and ORP2 have been characterized previously [20, 51]. The
anti Sec9p antibody was obtained from Dr. Patrick Bren-
nwald (University of North Carolina at Chapel Hill, USA).
The anti-Ssol/2p (K8) antibody [52] has been published
previously. The anti-Hsp150p antibody [53] was a kind gift
from Prof. Marja Makarow (University of Helsinki). The
anti-Snclp and Snc2p antibodies were obtained from Prof.
Michael Knop (ZMBH of the University of Heidelberg, Hei-
delberg, Germany).

Alexa Fluor conjugated secondary antibodies for immu-
nofluorescence staining were purchased from Jackson
ImmunoResearch.
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Statistical testing

All statistical analyses were done using Prism (Graphpad).
For details see Supplementary Table S3.

Results

Yeast mutant strains for exocytic SNAREs show
reduced Oshp-Scs2p BiFC interaction

To identify potential links between the machineries involved
in vesicle fusion (Fig. 1a) and ER-PM contacts (Fig. 1b);
[39], we studied the proximity of the FFAT motif-containing
Oshlp, Osh2p and Osh3p with their ER receptor Scs2p in
different temperature-sensitive yeast mutants functionally
linked to exocytosis [52, 54]. As readout we applied the
method of Bimolecular Fluorescence Complementation
(BiFC) [55, 56] that uses N- and C-terminal parts of YFP
tagged to Osh1-3p and Scs2p. High BiFC signal relates
to close proximity. The BiFC signal between all three of
Osh1-3p and Scs2p, which in wild type cells localized at the
nucleus-vacuole junction (NVJ) (Oshlp) [23, 57] or cortical
ER (Osh2/3p) [26], was almost completely lost in cells car-
rying a mutation in Sec9p (G458D), a Q-SNARE with a key
role in exocytosis in yeast and an orthologue to mammalian
SNAP-25 (Fig. 1c—e). The Sec9p(G458D) mutation has been
shown to result in less binary and ternary SNARE interac-
tions in vitro, decreased secretion and increased temperature
sensitivity [58, 59]. Noteworthy, while previous studies only
identified Syntaxin-1 and Sec22 homologues to be involved
in ER-PM contacts (Fig. 1b); [39], this finding indicates a
contribution of the SNAP-25 orthologue Sec9p to ER-PM
contacts. Furthermore, signals between Osh2p/Osh3p and
Scs2p were partially dependent on the Syntaxin-1A ortho-
logue Ssol/2p (Fig. 1d, e), while the signal between Oshlp
and Scs2p, which targets the Golgi and nucleus-vacuole con-
tact sites, partly depended on the Synaptobrevin orthologue
Snclp (Fig. 1c). In accordance, co-immunoprecipitations
with HA-Oshp revealed that while Osh3p associates with
Sso1/2p, Osh1p co-immunoprecipitates Snc1/2p, suggesting
different protein complexes (Supplementary Figure S2A and
C). At the same time, the BiFC interaction signal between
Osh1-3p and Scs2p did not depend on accessory proteins
that mediate SNARE complex assembly or disassembly,
Secdp, Secl8p, Msolp, Seclp or Sro7p (Supplementary
Figure S1), thus suggesting a distinct novel function of the
SNARE proteins, especially the SNAP-25 orthologue Sec9p,
in concert with the Osh proteins.
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Osh proteins are selectively degraded in the sec9-4
SNARE mutant strain and interact with the SNARE
motif region of Sec9p

When searching for an explanation for the loss of the BiFC
signal between Osh1-3p and its ER receptor Scs2p, we
observed that the applied tagged Osh proteins were selec-
tively lost, possibly degraded, in the sec9-4 SNARE mutant
strain (Fig. 2a). Intriguingly, in wild type cells we observed
close proximity of Osh2p, Osh3p and Osh5p (the only other
Oshp which is also degraded in the sec9-4 strain, data not
shown) and to a lesser extent Osh1p with Sec9p at the sites
of secretion, the growing bud and the septum (Fig. 2b,
arrowheads). Compared to the other Osh proteins, Osh3p
showed the strongest BiFC interaction signal with Sec9p at
large puncta likely representing previously reported secre-
tory vesicle clusters (Fig. 2a); [60]. We therefore continued
to focus predominantly on Osh3p.

The observed loss of the Osh3 protein in the sec9-4 strain
was specific for Sec9p, as Osh3p levels were stable in other
SNARE protein mutant strains (Fig. 2¢) and could be par-
tially restored by reintroduction of low expression wt SEC9
in the sec9-4 mutant strain (Fig. 2d). It has previously been
suggested that Oshlp is primarily degraded in the vacuolar
lumen [61]. We therefore examined the role of vacuolar deg-
radation in the turnover of Osh3p in sec9-4 mutant cells,
and found that removing the key vacuolar aspartyl protease
(pep4A) restored the Osh3 protein level (Fig. 2e), indicating
that Osh3p was degraded in the vacuole of sec9-4 mutant
cells.

Sec9p is composed of an amino-terminal domain (amino
acids 1-420) only present in the yeast protein and a well-
conserved SNARE motif domain (amino acids 421-651)
[59]. To better understand the mechanism and importance
of the Oshp-Sec9p interaction we investigated which part
of Sec9p mediates the interaction with Osh3p. Osh3p pro-
duced a BiFC signal with the Sec9p SNARE motif domain,
while negligible BiFC signal, similar to non-transfected
yeast cells, was detected with the N-terminus of Sec9p
(Fig. 2f). The different localization of the Sec9p(421-651)-
Osh3p BiFC interaction site compared to full length Sec9p
(Fig. 2b) is likely due to missing targeting domains located
in the Sec9p N-terminus. The interaction between Osh3p
and the SNARE motif domain area of Sec9p was further
confirmed by in vitro pull-down experiments with puri-
fied Hisq-tagged Osh3p and GST-tagged Sec9p(421-651),
which revealed specific co-purification of Osh3p with
GST-Sec9p(421-651) (Fig. 2g). Only minor background
Osh3p signal was observed with GST alone. These results
support the BiFC results and suggest a direct interaction
between the Osh proteins and the SNARE motif domain of
Sec9p. Noteworthy, even though Sec9p can directly interact
with Osh3p, in vivo co-immunoprecipitation experiment

using different SNARE complex modulating mutants sug-
gested that the binary SNARE complex proteins Sec9p and
Ssol/2p are in fact in one complex interacting with Osh3p
in vivo (Supplementary Figure S2A and B).

The Oshp-Sec9p interplay is conserved
in mammalian cells

The evolutionary conservation of Oshp and Sec9p proteins
(ORPs and SNAP-25 in humans) prompted us to check for
proximity between the mammalian homologues. Nine of the
12 human ORPs (OSBP, ORP4L, ORPIL, ORP2, ORPS5,
ORPS8, ORPIL, ORP10 and ORP11) produced a positive
BiFC signal with SNAP-25 in HEK?293 cells (Fig. 3a). The
signals were localized predominantly to the plasma mem-
brane (OSBP, ORP4L, ORP2) or to additional intracellular
structures (ORP5, ORPS, ORPIL, ORP10, ORP11), except
for ORP1L which targets late endosomes/lysosomes via the
GTPase Rab7 [20]. ORP proteins of subfamily III (ORP3,
— 6 and — 7) did not show any BiFC signal with SNAP-25
(Fig. 3a). Since most of the ORPs produced a BiFC signal
with SNAP-25, suggesting that the interaction sites resides
in a very conserved domain like the ORD, we studied the
interaction between the ‘short” ORP2 and SNAP-25 in vitro
using purified proteins produced in E.coli. In this assay
ORP2 bound to GST-SNAP-25 to a greater degree than to
GST alone (Fig. 3b), supporting a direct interaction of the
two proteins.

In yeast Osh proteins that showed BiFC interaction
with Sec9p were degraded in the sec9-4 strain. To test if
the same holds true in mammalian cells we employed hip-
pocampal neurons from SNAP-25 KO mice into which wt
SNAP-25 was reintroduced. Lentivirally transduced human
ORP2 and ORPI1L were greatly diminished in SNAP-25
KO cells, while they persisted in wt SNAP-25 expressing
cells (Fig. 3c). In Stx1A/B ¢cDKO mouse hippocampal neu-
rons, ORP2 protein levels were unaltered when Stx1B was
removed by Cre recombinase (Fig. 3d), suggesting that also
in mammalian cells the degradation of ORP2 occurs specifi-
cally in the absence of functional SNAP-25. These results
suggest that the ORP/Osh proteins may function in asso-
ciation with SNAP-25/Sec9p in an evolutionary conserved
manner.

The yeast sec9-4 cells display disturbed Scs2p
oligomerization and Sec22p-Sso1p interaction

The sec9-4 SNARE mutant strain is characterized by the
loss of Osh1-3p (Fig. 1). To understand the consequences
of this mutation (G458D) [58] for the ER-PM contacts, we
investigated the localization and interactions associated
with Osh3p and the ER-PM SNARE complex proteins in
this mutant strain using BiFC. A control, the GFP-Scs2p
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Fig.2 Osh proteins are selectively degraded in the sec9-4 SNARE
mutant strain and interact with the SNARE motif region of Sec9p.
a FFAT motif containing Osh proteins are diminished in the sec9-
4 yeast mutant stain. SDS lysates of wt (Y1) or sec9-4 yeast mutant
(Y6) cells transformed with the indicated OSH constructs (OSHI,
1362; OSH2, 1363; OSH3, 1364). As a control Sec9-4p protein level
were examined. SDS lysates were analyzed by Western blotting and
detection was performed with anti-HA and -Sec9p antibodies. b The
Oshp-Sec9p BiFC interaction in vivo. Haploid yeast cells (Y1) were
transformed with the indicated constructs (YFP(N)-Oshlp, 1362;
YFP(N)-Osh2p, 1363; YFP(N)-Osh3p, 1364; YFP(N)-Osh4p, 1365;
YFP(N)-Osh5p, 1366; YFP(N)-Osh6p, 1367; YFP(N)-Osh7p, 1368;
YFP(C)-Sec9p, 1404) and vegetatively grown at 24 °C prior to exami-
nation for BiFC interaction by fluorescence microscopy. Arrowheads
point to Oshp-Sec9p BiFC interactions at sites of secretion (emerging
or growing bud and septum). In case of the Osh3p-Sec9p interaction
the exposure time of the image is half. Scale bar, 5 um. ¢ Osh3p is
not degraded in other SNARE complex deficient mutant yeast strains.
SDS lysates of yeast cells (wt, Y1; ss02-1 Assol, Y7; sec9-4, Y6;
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Ascnl, Y12) expressing OSH3 (1364). The detection was performed
as in (a). d The degradation effect of Osh3p is rescued by reintroduc-
tion of wt SEC9. SDS lysates of sec9-4 yeast mutant (Y6) cells trans-
formed with an empty vector or wild type SEC9 and OSH3 (vector,
1358; SEC9, 1405; OSH3, 1477). The detection was performed as in
(a). e Osh3p is degraded via the vacuolar pathway. SDS lysates of wt
(Y1), sec9-4 (Y6) or sec9-4 Apep4 (Y39) yeast cells transformed with
an OSH3 (1477) construct. The detection was performed as in (a). f
Osh3p shows BiFC interaction with the Sec9p SNARE motifs (amino
acid 421-651) and not with the Sec9p N-terminal domain (amino
acid 1-420) in vivo. Live cell imaging of vegetatively grown haploid
yeast cells (Y1) transformed with YFP(N)-Osh3p (1364) in combina-
tion with YFP(C)-Sec9p(1-420) (1527) or YFP(C)-Sec9p(421-651)
(1525). Scale bar, 5 um. g Osh3p directly interacts with Sec9p(421-
651) in vitro. GST-Sec9p(421-651) or GST (2 pM) bound on Glu-
tathione-agarose were mixed with 0.1% Triton X-100 and equal molar
amounts of Osh3p, and incubated at room temperature for 1 h. Bound
proteins were separated by SDS—PAGE and stained with Coomassie
blue. Purified proteins (arrowheads) are shown on the left panel



ORP/Osh mediate cross-talk between ER-plasma membrane contact site components and plasma...

1697

>

v \Y \

"ORP1L _ORP2

ORP3

BiFC

oo} mCher& SNAP-25

)

\
X D
9. —

¢

n

ORP6

.
2

ORP7 ' _ORP5

v pFOLD-ORP2 @
+ GST-SNAP-25 SNAP25 KO Stx1A/B cDKO
- GST - wt -Cre +Cre
To0ko. > -pFOLD-ORP2 150<0%" e hORPIL 50kDg. e ORP2
70kD-. _ —— — hORpy 37KDa- St1B
—— -GST-SNAP-25
40kD- 25kDa- -— SNAP-25 25kDa- wa—— SNAP-25
S0kD2- s e 3-Tubulin
25KD- @ GsT

Fig.3 The Oshp-Sec9p interplay is conserved in mammalian cells.
a The mammalian Oshp homologues of the families I, II, IV, V and
VI show BIiFC interaction with SNAP-25, the mammalian ortho-
logue of Sec9p, at the plasma membrane in vivo. Fluorescence imag-
ing of HEK293 cells transfected with plasmids expressing indicated
Venus(N)-ORP constructs (OSBP, 1245; ORP4L, 1229; ORPIL,
1226; ORP2, 1227; ORP3, 1228; ORP6, 1231; ORP7, 1232; ORPS5,
1230; ORPS8, 1233; ORP9, 1234; ORP10, 1235; ORP11, 1236) in
combination with Venus(C)-SNAP-25 (1239) and the co-transfec-
tion marker mCherry (1140). Note: All ORPs are partially shifted
to the plasma membrane by BiFC interaction with SNAP-25, except
ORPIL. Scale bar, 10 pm. b ORP2 interacts directly with SNAP-25
in vitro using purified proteins. GST-SNAP-25 or GST were mixed
with pFOLD-ORP2 (all 1 pM) and Glutathione-agarose. After 1 h
incubation at room temperature bound proteins were released, sepa-

fusion protein, showed normal wt-like localization in the
sec9-4 strain (Fig. 4a top and middle row) even though
the Osh3p-Scs2p signal was lost due to the degradation
of Osh3p (Figs. 2a and 4c¢ top and middle row). However,
compared to the wt strain, in the sec9-4 strain Scs2p failed
to produce most of the BiFC signals. Not only did Scs2p
fail to interact with the plasma membrane SNAREs Sec9p/
Sec9-4p and Ssolp and the ER SNARE Sec22p (Fig. 4d—f
top and middle row), but it also failed to produce a BiFC
signal with itself (Fig. 4b top and middle row). The BiFC
signal of Ssolp with Sec22p was also lost (Fig. 4g top and
middle row), whereas the BiFC signal between Ssolp and
Sec9p/Sec9-4p, possibly reflecting both SNARES involved
in ER-PM membrane contact and secretory SNARE com-
plexes, was largely unaffected (Fig. 4h top and middle row).

Blocking vacuolar degradation by the deletion of PEP4
in the sec9-4 mutant strain restored the Osh3p protein level

rated by SDS-PAGE and stained with Coomassie blue. ¢ ORPIL
and ORP2 are greatly diminished in SNAP-25 KO mice hippocam-
pal neurons. SDS lysates of SNAP-25 KO mice with lentivirus-based
reintroduction of an empty vector (BL181) or wt SNAP-25(BL940)
and overexpression of hORPIL (BL1209) and hORP2 (BL1210).
Cells were transduced at DIV 1 and lysed at DIV 16. SDS lysates
were analyzed by Western blotting and detection was performed
with anti-ORP1L, -ORP2, -SNAP-25 and -p-Tubulin antibodies. d
Endogenous ORP2 protein levels are unaltered in Stx1BF-FL/Stx1A
KO mice. SDS lysates of Stx1A/B ¢cDKO mice hippocampal neurons
infected at DIV 1 with viruses to express Cre recombinase (BL150)
or an empty vector (BL181). Cells were transduced at DIV 1 and
lysed at DIV 16. SDS lysates were analyzed by Western blotting and
detection with anti-ORP2, Stx1B and SNAP-25 antibodies

(Fig. 2e) and all BiFC signals to wt levels (Fig. 4, bottom
row). This strongly suggests that the observed loss of BiFC
signals in the sec9-4 strain is predominantly caused by the
loss of Osh proteins.

FFAT motif-containing Osh proteins regulate Scs2p
oligomerization and SNARE association

The degradation of Osh proteins and the resulting loss of
BiFC signals within the sec9-4 strain (Fig. 4) suggest a key
contribution of these proteins for molecular interactions of
Scs2p with SNARE proteins. To test this in a direct way, we
monitored Scs2p BiFC signals in strains where OSHI-3 were
either deleted (Aoshi-3) or OSH3 was overexpressed. In wt
cells the Scs2p-Scs2p BiFC signal localized to intracellu-
lar rings, presumably the ER, and bright plasma membrane
patches (Fig. 5a, b left, arrowheads). These Scs2p-Scs2p
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Fig.4 Scs2p BiFC interactions with itself, the ER SNARE Sec22p
and the plasma membrane SNARE Ssolp are disturbed in the sec9-4
SNARE mutant strain in vivo. Additionally, the Sec22p-Ssolp BiFC
interaction is lost. Live cell imaging of vegetatively grown yeast cells
at the permissive temperature (wt, Y1; sec9-4, Y6; sec9-4 Apep4,
Y39) transformed with the indicated constructs shown as a sche-
matic above the respective panels. In detail: (a) GFP-Scs2p, 1577; (b)
YFP(C)-Scs2p, 1360; YFP(N)-Scs2p, 1517; (¢) YFP(C)-Scs2p, 1360;

plasma membrane BiFC patches were very faint in the
Aoshl-3 strain (Fig. Sa, b, left), whereas the Scs2p-Scs2p
BiFC signal was enhanced by OSH3 overexpression (Fig. 5a,
c left). Furthermore, the Scs2p-Sec9p BiFC signal, which in
wt cells localized primarily to the plasma membrane of buds,
was abolished in the Aoshl-3 strain, whereas it was both
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YFP(N)-Osh3p, 1364; (d) YFP(C)-Sec9p, 1404 or YFP(C)-Sec9-
4p, 1572; YFP(N)-Scs2p, 1517; (e) YFP(C)-Scs2p, 1360;
YFP(N)-Sec22p, 1515; (f) YFP(C)-Scs2p, 1360; YFP(N)-Ssolp,
1395; (g) YFP(C)-Sec22p, 1516; YFP(N)-Ssolp, 1395; (h)
YFP(C)-Sec9p, 1404 or YFP(C)-Sec9-4p, 1572; YFP(N)-Ssolp,
1395. Note that in case of the sec9-4 stain the YFP(C)-Sec9-4p con-
struct was used. BiFC interaction was examined by fluorescence
microscopy. Scale bar, 5 um

enhanced and extended to the mother cell plasma membrane
by OSH3 overexpression (Fig. Sa—c, middle, dotted line).
The Sec22p-Ssolp BiFC signal was only slightly affected
(19% reduction) by the loss of Osh1-3p, but was enhanced
by overexpression of OSH3 (Fig. 5a—c, the rightmost pan-
els). These results confirm an important contribution of
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Osh1-3p for the molecular interactions of Scs2p with itself
and Sec9p as well as for Sec22p-Ssolp interactions. In con-
trast to the sec9-4 strain, the Scs2p-Scs2p and Sec22p-Ssolp
BiFC interactions were not completely lost in the Aoshl-
3 strain. This could be explained by the wt Sec9p in the
Aoshl-3 strain and/or by the possibility that other FFAT
motif containing proteins might be affected by the sec9-4
mutation.

Mammalian ORP2 modulates VAPA oligomerization

Similarly to Osh1-3p, several mammalian ORP proteins con-
tain FFAT motifs that mediate interaction with the integral
ER proteins VAPA and -B, the orthologues of yeast Scs2p
[16, 17]. In wt mice hippocampal neurons, VAPA-VAPA
BiFC interaction signals were observed throughout the neu-
rons with patches in cell neurites and soma (Fig. 6a). These
patches were reduced 1.7 and 2.3-fold in ORP2 KD cells
(Supplementary Figure S3) when transduced at DIV 3 or
DIV 7 and fixed at DIV 7 or DIV 14, respectively, suggest-
ing that ORP2 is involved in VAPA oligomerization (Fig. 6a,
b). On a side note, the evenly between cell soma and neurites
distributed VAPA-VAPA BiFC signal patches at DIV 7 were
predominantly observed in the cell soma at DIV 14 (Fig. 6a,
arrowheads).

In HEK293 cells, VAPA-VAPA BiFC signals were
detected at large structures in the cell. Overexpression of
FFAT motif-containing ORPs resulted in an additional local-
ization of the VAPA-VAPA BiFC signal to sites of ORP
action, in the case of OSBP to the Golgi complex, ORP4L
to the vimentin network, ORPI1L to the late endosomes/lys-
osomes, ORP2 to lipid droplets, ORP3 to the ER network
and ORPIL to perinuclear lines (Supplementary Figure
S4A, arrow heads; and B). Of note, ORP10 lacking a FFAT
motif did not influence the VAPA-VAPA BiFC signal or
colocalize with it (Supplementary Figure S4A).

The observation that ORP2 knock-down or overexpres-
sion influences VAPA oligomerization could be a direct or
indirect effect. We therefore performed in vitro assays with
purified Hisg:pFOLD-ORP2, His,- VAPA and GST-VAPA to
investigate whether purified ORP2 alone can promote VAPA
oligomerization. Negligible co-purification of Hiss-VAPA
with GST-VAPA was observed when they were incubated
together without additional components (Fig. 6¢, 0 pM
ORP2). Addition of ORP2 promoted VAPA oligomeriza-
tion (Fig. 6¢, 0.1 or 0.2 uM ORP2). This result suggests
that ORP2, containing a FFAT motif and being able to form

tetramers [14], has the capacity to promote the VAPA oli-
gomerization process by bridging the FFAT motif interact-
ing sites in VAPA. This is consistent with the crystal struc-
ture reported for a VAP-FFAT complex, which contained
two copies of both VAP and FFAT motif, with the FFAT
motifs acting as bridges between the VAPs, as residues from
each FFAT bound to both VAPs [17].

As the yeast ortholog of VAPA, Scs2p, oligomerizes
with itself and interacts with the Q-SNARE Sec9p in an
Oshp dependent manner (Fig. 5), we wanted to validate
if ORP2 has similar effects on the VAPA interactions
in the mammalian in vivo environment. We performed
FLAG-VAPA immunoprecipitations in mouse hippocampal
neurons in combination with ORP2 knock-down and exam-
ined the FLAG-VAPA interactions to endogenous VAPA
and the Q-SNARE Stx1A. To be able to distinguish the
FLAG-VAPA from the endogenous VAPA, we included a
10 kDa linker in the construct. FLAG-VAPA associated with
endogenous VAPA and Stx1A in control neurons at DIV
7 and DIV 14 (Fig. 6d, f, sc lane). In ORP2 KD neurons
at DIV 7 both VAPA and Stx1A association were reduced
45% and 73%, respectively (Fig. 6d, e), suggesting an ORP2
dependence of the VAPA self- and Q-SNARE interactions
as shown in yeast. Intriguingly at DIV 14, VAPA interaction
with itself and Stx1A were largely unaffected by ORP2 KD
(Fig. 6f, g). This finding points to a more dominant role of
ORP?2 for these interactions at earlier time points (DIV 7),
a time when VAPA-VAPA BiFC patches were observed in
the neurites and the cell soma (Fig. 6a). At later timepoints
(DIV 14), where VAPA-VAPA BiFC patches were mainly
noted in the cell soma, ORP2 appears dispensable.

Knock-down of ORP2 in younger neurons increases
cell death and reduces dendrite length and synapse
number

The different importance of ORP2 in ‘younger’ versus
‘older’ neurons was further examined by monitoring cell
survival. While ORP2 knock-down at DIV 7 reduced neu-
ronal survival only slightly, knock-down at DIV 3 resulted
in 50% cells death after 15 days in culture (Fig. 7a). The sur-
viving neurons at DIV 14 were characterized by a reduced
dendritic length (MAP2, shown in green) and smaller syn-
apse number (vGlutl, shown in magenta) compared to wt
neurons (Fig. 7b—e), suggesting a positive role of ORP2 for
neurite outgrowth. Knock-down of ORP2 at DIV 7 had no
effect on neuronal morphology at DIV 14 (Supplementary
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«Fig. 5 FFAT motif containing Osh proteins regulate Scs2p oligomeri-
zation and SNARE association. a Schematic representation of con-
structs used for the BiFC assays below. b Osh1-3p are important for
Scs2p-Scs2p and Scs2p-Sec9p plasma membrane BiFC interaction.
Live cell imaging of vegetatively grown wt (Y2) or Aoshl-3 (Y36)
yeast cells transformed with the indicated constructs (YFP(C)-Scs2p,
1566; YFP(N)-Scs2p, 1517; YFP(C)-Sec22p, 1575; YFP(N)-Ssolp,
1395; YFP(N)-Sec9p, 1399) and examined for BiFC interaction by
fluorescence microscopy. The arrowheads point to Scs2p oligomers
at plasma membrane patches in wt cells. Scale bar, 5 ym. ¢ OSH3
overexpression results in increased Scs2p-Scs2p, Scs2p-Sec9p and
Sec22p-Ssolp BiFC interaction. Live cell imaging of vegetatively
grown wt yeast cells (Y38) transformed with an empty vector (1565)
or OSH3 (1567) in combination with the indicated BiFC constructs
(YFP(C)-Scs2p, 1360; YFP(N)-Scs2p, 1517; YFP(C)-Sec22p, 1516;
YFP(N)-Ssolp, 1395; YFP(N)-Sec9p, 1399). Cells were examined
for BiFC interaction by fluorescence microscopy. Note the partial
re-localization of the Scs2p-Sec9p BiFC interaction site towards
the mother cell upon OSH3 overexpression (dotted line). BiFC sig-
nal intensities were analyzed in a minimum of 49 cells per interac-
tion mode. The data represent mean+SEM, *p<0.05, **p>0.01,
##%p <0.001. Scale bar, 5 um

Figure S5), confirming the major role of ORP2 for cell
development at early stages.

The Osh proteins negatively regulate exocytosis

Next, we asked whether there is a functional link between
Osh proteins and secretion. Overexpression of OSH3 was
toxic, resulting in enhanced temperature sensitivity, in two
different strains with deficient secretion: sec/-1 [62] and
sec9-4 Apep4 mutant cells (Fig. 8a). This toxic effect of
Osh3p required a lesion in secretion, as it was not seen in
wt or in Aoshl-3 cells (Fig. 8a). It was also not observed
in sec9-4 mutants, likely due to Osh3p degradation in this
strain (Figs. 2a and 8a).

To obtain a more quantitative measure of how Osh3p
affects protein secretion, we assayed secretion of the heat
shock protein Hsp150p. Overexpression of OSH3 in wt
cells reduced Hsp150p secretion by 66%, while OSHI-3
deletion (Aoshi-3) enhanced Hsp150p secretion by 60%
(Fig. 8b). In line, in the secretion deficient secl-1 and sec9-4
Apep4 strains, Hsp150p secretion was further reduced by
OSH3 overexpression (Fig. 8c). Again, OSH3 overexpres-
sion had no effect in the sec9-4 strain, likely because of
Osh3p degradation in this strain (Figs. 2a and 8c). Impor-
tantly, loss of PEP4 in the sec9-4 strain reduced secretion
of Hsp150p by 52% (Fig. 8c and ¢’ compare sec9-4 + v with
sec9-4 Apep4 +v), suggesting that vacuolar degradation of

Osh proteins in sec9-4 cells enhances secretion, and is in
line with the observed enhanced secretion in Aoshl-3 cells
(Fig. 8b). Finally, while reintroduction of Osh3p (wt) to the
Aoshl-3 stain reduced Hsp150p secretion as expected, the
Scs2p binding-deficient Osh3p(mFFAT) had no significant
effect on secretion (Fig. 8d), suggesting that Scs2p binding
is needed for the toxic secretion effect of Osh3p.

Discussion

In yeast the cortical ER is extensively tethered to the plasma
membrane, with approximately 1000 contact patches of the
two membrane compartments operating at a given time
point, and 20-45% of the PM area participating in the con-
tacts [63, 64]. Conceivably, vesicle transport to and from
the PM needs to be coordinated with the ER-PM contacts
(MCSs), which could form a barrier for transport vehicles.
Spatial coordination of endocytic events and eisosomes with
the cortical ER has been described [40—42]. Similarly, co-
regulation of exocytic events with MCSs has been proposed
in fission yeast [65]. Yet, the molecular mechanisms under-
lying this coordination are unknown.

Both MCS formation and vesicle transport involve spe-
cific tethering of the participating membranes. Three yeast
Osh proteins (Osh1-3p) are anchored to the endoplasmic
reticulum (ER) via interactions with the membrane pro-
tein Scs2p, the yeast orthologue of mammalian VAPs, and
Osh2/3p-Scs2p complexes are located at ER-PM MCSs [13,
66]. We initially observed that a mutation in yeast SEC9
(a secretory Q-SNARE) resulted in a loss of complexes
between Osh1-3p and Scs2p, due to destabilization of all of
Osh1-3p. Intriguingly, other complexes that were not known
to contain Osh proteins were also lost: Scs2p with itself and
with secretory SNARE:s. Disruption of the vacuolar aspartyl
protease PEP4 rescued all these phenotypes and the Osh
protein levels, suggesting that Osh1-3p are degraded in the
yeast vacuole.

VAPs/Scs2p interact with a large number of intracellular
proteins and have been implicated in the regulation of a wide
range of cellular processes, including membrane traffick-
ing, lipid transport and metabolism, the unfolded protein
response and microtubule organization [67]. The mamma-
lian orthologues of Ssc2p, VAPA and -B, form homo- and
heterodimers [68, 69], and VAPA has been crystallized as a
homodimer in which each subunit binds to the FFAT motif
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«Fig. 6 Mammalian ORP2 modulates VAPA oligomerization (a)
ORP2 knock-down results in a partial loss of VAPA-VAPA BiFC
interaction patches in mice hippocampal neurons at DIV 7 and DIV
14. Immunofluorescence imaging of wt mice hippocampal neurons
with lentivirus-mediated knock-down of ORP2 (sc BL360, ORP2
KD BL1332), and Venus(N)-VAPA (BL1356) and Venus(C)-VAPA
(BL1310) expression. Cells were infected at DIV 3 and fixed at
DIV 7 or infected at DIV 7 and fixed at DIV 14. Scale bar, 20 um.
b Quantification of VAPA-VAPA BiFC interaction patches in (a).
VAPA-VAPA BiFC clusters were manually counted in a minimum
of 28 cells from 2-3 cultures. Shown is mean+SEM, **p<0.01,
*#%p <(0.001, number of cells/independent cultures. ¢ ORP2 pro-
motes VAPA oligomerization in vitro. 1 uM GST-VAPA(ATM)
bound on Gluthatione-agarose was mixed with 04 uM
His-VAPA(ATM) and increasing amounts (0, 0.1 and 0.2 pM, indi-
cated above) of pFOLD-ORP2 and incubated at room temperature for
1 h. Bound proteins were separated by SDS—PAGE and stained with
Coomassie blue. d Stx1A and VAPA association with FLAG-VAPA
is largely abolished by ORP2 knock-down in DIV 7 neurons. Mice
hippocampal neurons were infected with shRNA (sc BL360, ORP2
KD BL1332) and FLAG-VAPA (BL1466, -BL140) constructs at
DIV 3. Cells were lysed at DIV 7, and lysates were subjected to anti-
FLAG immunoprecipitations. Immunoprecipitates and lysates were
analyzed by Western blotting with anti-VAPA and -Stx1A antibod-
ies. e Quantification of three independent co-immunoprecipitations in
(d). Shown is mean+ SEM. f VAPA association with FLAG-VAPA in
unaffected by ORP2 knock-down in DIV 14 neurons. Experiment was
performed as in (d), except that hippocampal neurons were infected at
DIV 7 and lysed at DIV 14. g Quantification of three independent co-
immunoprecipitations in (f). Shown is mean + SEM

containing peptide of an ORP protein [17]. Also, mammalian
OSBP/ORPAL [6, 70] and ORP3 [21] have been reported to
form dimers while ORP2 has been shown to form tetram-
ers [14], consistent with the idea that oligomeric ORP/Osh
proteins could act as cores around which a complex contain-
ing multiple copies of VAP/Scs2p forms. We show for the
first time that VAPA and Scs2p form reversible complexes
that contain dimers or possibly larger oligomers of these
proteins, upon binding to ORP2 or Osh1-3p, respectively.
We envision that this could be a common effect of binding
to any of the ~50 proteins with strong FFAT or FFAT-like
motifs [67].

Complexes surrounding VAP/Scs2p-ORP/Osh proteins
include the SNAREs Scs22p (ER) and Stx1A/Ssolp (plasma
membrane). Mammalian Sec22 and Stx1 have been proposed
to form a complex at ER-PM contacts that is non-fusogenic,
and is essential for neurite outgrowth, possibly by promoting
the delivery of lipid to the growing neurite plasma mem-
brane [39]. Interestingly, the authors also demonstrated
that both Ssolp and Sec22p co-immunoprecipitated with
Osh2p and Osh3p in yeast, supporting an intimate connec-
tion between these SNAREs and the Osh at MCSs. In line,

knock-down of ORP2, the main ORP delivering cholesterol
to the plasma membrane [14], in ‘younger’ neurons (DIV
3) decreased the dendritic length and number of synapses
per neuron. ORP2 knock-down at a later time point (DIV 7),
when VAPA oligomers are less pronounced in the neurites
and unaffected by ORP2 knock-down, had no effect on neu-
ronal morphology, indicating the involvement of other pro-
teins at later time points. In agreement, neuron survival was
especially reduced by early knock-down of ORP2 (DIV 3).

Osh3p was shown, by pull-down assays, to interact
physically with Sec9p. Likewise, nine of the twelve human
ORPs were in close proximity of SNAP-25, and at least one
(ORP2) bound directly to SNAP-25 and was degraded (along
with ORPIL) in SNAP-25 KO mice hippocampal neurons.
Collated with the observations of Petkovic et al. [39], the
present findings indicate that not only Sec22 and Stx1A/
Ssolp, but also SNAP-25/Sec9p, participate in interactions
with the ER-PM MCS ORP/Osh proteins, and that SNAP-
25/Sec9p may in fact play a key role in the interactions of the
SNARE:s with the ORP/Osh-based MCS protein machinery.

Interestingly, our experiments performed on sec9-4
Apep4 cells suggest that the Osh proteins act in a regula-
tory pathway upstream of secretory SNARESs. In line, the
observed enhancement of Hsp150p secretion in Aoshl-3
cells and its inhibition by overexpression of Osh3p suggest
that the ER-PM MCSs or more specifically, the Oshp at these
sites, exert a negative regulatory action on secretion. Impor-
tantly, an Osh3p mutant with the FFAT motif inactivated and
thus incapable of binding to Scs2p at ER membranes had
no effect on secretion, suggesting a functional interplay of
Osh3p with the secretory machinery at ER-PM contacts. We
envision that the ORP/Osh proteins, possibly in concert with
other yet unknown protein components, might regulate the
distinct PM regions where ER-PM MCS and exocytotic sites
are in close proximity by assigning the fate of PM associated
Stx1A/Ssolp and SNAP-25/Sec9p either to ER-PM MCS
or secretory vesicle fusion. The precise regulatory mode
explaining how these two processes, requiring partially the
same proteins (possibly in different subcomplexes), do not
interfere with each other will need further investigation, with
the ORP/Osh proteins being likely candidates to be involved.

In conclusion, the present data demonstrate a novel func-
tional coordination between the machineries operating at
ER-PM membrane contact sites and exocytic membrane
fusion. Our findings also suggest that certain SNAREs,
SNAP-25/Sec9p in particular, execute a novel function in
MCS formation.
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Fig.7 Knock-down of ORP2

in younger neurons reduces cell
survival. a Knock-down at DIV
3, but not DIV 7, reduces cell
survival. Summary graph of
surviving neurons with ORP2
knock-down at DIV 3 or DIV 7
(sc BL360, ORP2 KD BL1332,
percentage normalized to the
number of infected neurons at
DIV 5 or DIV 10, respectively).
40-60 images at each time
point (+one day) were analyzed
from two—three independent

cultures. Shown is mean + SEM.

b ORP2 knock-down at DIV 3

alters neuronal cell morphology.

Immunofluorescence imag-
ing of wt mice hippocampal
neurons with lentivirus-based
knock-down of ORP2 at DIV 3

(sc BL360, ORP2 KD BL1332).

Cells were fixed at DIV 14 and
immunofluorescence stain-

ing against vGlutl (magenta)
and MAP2 (green) performed.
Scale bar, 40 um. ¢ Quantifica-
tion of dendrite length per cell
(stained with MAP2) in (b). d
and e Quantification of vGlutl
dot number and size per cell

in (b). Shown is mean + SEM,
*#%p <0.001, number of cells/
independent cultures
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Fig.8 The Osh proteins negatively regulate exocytosis. a Over-
expression of OSH3 results in an enhanced temperature-sensitive
growth phenotype in secl-1 and sec9-4 Apep4 cells. The growth of a
serial tenfold dilution series was scored at the indicated temperatures
in wt (Y1), secl-1 (Y15), sec9-4 (Y6) and sec9-4 Apep4 (Y39) cells
transformed either with an empty vector (1356) or YFP(N)-Osh3p
(1364); and in the bottom panel wt (Y2) and AoshI-3 (Y36) cells.
b Overexpression of OSH3 results in reduced secretion of Hsp150,
while Aoshl-3 yeast cells display enhanced secretion of Hsp150p.
Wt (Y1) cells transformed either with an empty vector (1356) or
YFP(N)-Osh3p (1364) (left panel) and wt (Y2) or Aoshl-3 (Y36)
cells (right panel) were grown at 24 °C until they reached an A600 of
0.3. The cells were washed, resuspended in fresh medium to A600 of
0.3, and shifted to 34 °C. Samples were collected after 2 h. Cells were
removed by centrifugation and the amount of Hsp150p in a 30 pl ali-
quot of the growth medium was quantified by western blotting. Quan-
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